Synthesis and Characterization of a Heterometallic Extended Architecture Based on a Manganese(II)-Substituted Sandwich-Type Polyoxotungstate by Ibrahim, Masooma et al.
materials
Article
Synthesis and Characterization of
a Heterometallic Extended Architecture
Based on a Manganese(II)-Substituted
Sandwich-Type Polyoxotungstate
Masooma Ibrahim 1,*, Eufemio Moreno-Pineda 1, Thomas Bergfeldt 2 ID , Christopher E. Anson 3
and Annie K. Powell 1,3,*
1 Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), Postfach 3640, 76021 Karlsruhe,
Germany; eufemio.pineda@kit.edu
2 Institute for Applied Materials (IAM-AWP), Karlsruhe Institute of Technology (KIT), Postfach 3640,
76021 Karlsruhe, Germany; thomas.bergfeldt@kit.edu
3 Institute of Inorganic Chemistry, Karlsruhe Institute of Technology (KIT), Engesserstrasse 15,
76131 Karlsruhe, Germany; christopher.anson@kit.edu
* Correspondence: masooma.ibrahim@kit.edu (M.I.); annie.powell@kit.edu (A.K.P.);
Tel.: +49-721-608-28920 (M.I.); +49-721-608-42135 (A.K.P.)
Received: 21 December 2017; Accepted: 13 January 2018; Published: 17 January 2018
Abstract: The reaction of [α-P2W15O56]12− with MnII and DyIII in an aqueous basic solution led to
the isolation of an all inorganic heterometallic aggregate Na10(OH2)42[{Dy(H2O)6}2Mn4P4W30O112
(H2O)2]·17H2O (Dy2Mn4-P2W15). Single-crystal X-ray diffraction revealed that Dy2Mn4-P2W15
crystallizes in the triclinic system with space group P1, and consists of a tetranuclear manganese(II)-
substituted sandwich-type phosphotungstate [Mn4(H2O)2(P2W15O56)2]16− (Mn4-P2W15), Na, and DyIII
cations. Compound Dy2Mn4-P2W15 exhibits a 1D ladder-like chain structure based on sandwich-type
segments and dysprosium cations as linkers, which are further connected into a three-dimensional
open framework by sodium cations. The title compound was structurally and compositionally
characterized in solid state by single-crystal XRD, powder X-ray diffraction (PXRD), Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric (TGA), and elemental analyses. Further,
the absorption and emission electronic spectra in aqueous solutions of Dy2Mn4-P2W15 and
Mn4-P2W15 were studied. Also, magnetic properties were studied and compared with the magnetic
behavior of [Mn4(H2O)2(P2W15O56)2]16−.
Keywords: heterometallic; 3d-4f polyoxometalate; molecular magnetism; luminescence; pomif;
extended frameworks; trilacunary; wells-dawson polyanion; sandwich-type
1. Introduction
Polyoxometalates (POMs) are discrete early transition metal-oxide cluster anions whose
physicochemical properties can be tuned by the incorporation of additional transition metal
centers [1,2]. A large number of transition metal containing POMs have been synthesized and
characterized with enhanced properties, for instance, robustness and stability emerging from the POM
moiety and the predictable functional properties, depending on their electronic nature, originating
from the redox metal centers. To date, transition metal (3d), lanthanide (4f), and mixed 3d-4f containing
POM hybrids have been studied, which can be broadly classified as follows [3–9].
(a) Three-dimensional (3d)-POMs [10–14]
(b) 4f-POMs [4,15]
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(c) 3d-4f-POM [16,17]
(d) 4f-POM with 3d linkers [7,8]
(e) 3d-POM with 4f linkers [7,8]
There are many reports on 3d-POMs, where the number of incorporated 3d metal
centers within POM system ranges from 1 to 40 [18]. When compared to 3d-POMs there
are fewer publications on 4f-POMs but still a significant number of structures have
been characterized and studied. Usually this class of POMs results in large assemblies
for example [As12Ce16W148O524 (H2O)36]76 [19], [Ce20Ge10W100O376(OH)4(H2O)30]56− [20],
[Gd8As12W124O432(H2O)36]60− [15], [Gd6As6W65O229(OH)4(H2O)12(OAc)2]38− [21],
[Yb10As10W88O308(OH)8(H2O)28(OAc)4]40− [21], [Na ⊂ Ln12Ge6W60O228(H2O)24]35− (Na ⊂
Ln12) (Ln = Pr, Nd) [22], [K ⊂ Sm12Ge6W60O228(H2O)22]35− [22], and [K ⊂ K7Ln24Ge12W120O444
(OH)12(H2O)64]52− (K ⊂ Ln24) (Ln = Pr, Nd) [22], which is due to the fact that lanthanide ions are
large in size so cannot be fully incorporated into the lacunary sites of POMs as a result of their
large coordination number, in turn leading to binding with terminal oxygen atoms of adjacent POM
subunits and resulting in exceptionally giant and complex architectures. Heterometallic POMs
(3d-4f-POM) is one of the least explored subclass of POMs, and so far, only a few POMs have been
reported where 3d-4f-heterometallic clusters are stabilized by POM ligand [16,17]. On the other hand
classical heterometallic coordination chemistry has been receiving a great deal of attention in the
field of molecular magnetism, because of their potential advantages to create new single-molecule
magnets. In such complexes, 3d ions can give rise to high-spin ground state (S), while 4f ions, such
as DyIII, TbIII, HoIII, etc. import large anisotropic magnetic moments [23]. Remarkably recently
we have successfully prepared a giant novel heterometallic polyanion {Dy30Co8Ge12W108O408}
with single-molecule-magnet behavior. This polyanion contains the largest number of 4f ions
besides being the first polyanion which interestingly incorporates two different type of metallic
assemblies; six triangular {Dy3}, and four trigonal-bipyramidal {Co2Dy3}, within same POM
framework [17]. Contrarily, often in the presence of 4f and 3d metal ions “4f-POM with 3d linker”
and “3d-POM with 4f linker” type aggregates are formed due to the much higher reactivity and
larger size of the oxophilic 4f ions compare to the 3d metal ion in the reaction mixture. For
instance {[Cu(en)2]2(H2O)[Cu(en)(2,2′-bipy)]Ln[(α-HPW11O39)2]}4− (2,20-bipy = 2,20-bipyridine
and en = ethylenediamine) [24], [Cu(en)2]5[Cu(en)2(H2O)]2[RE4Ge4W46O164(H2O)3]10− [25],
and {[Cu(dap)2(H2O)]2[Cu(dap)2][α-XW11O39Ln(H2O)3]2}4− (dap = 1,2-diaminopropane) [26],
are some of the cases which come under the category of “4f-POM with 3d linkers” type POMs.
Up to date to the best of our knowledge [(γ-SiW10O36)2(Cr(OH)(H2O))3(La(H2O)7)2]4− [27],
[{Ce(H2O)7}2Mn4Si2W18O68(H2O)2]6− [28], [{Ln(H2O)n}2{Mn4(B-α-SiW9O34)2(H2O)2}]6− (Ln = LaIII,
NdIII, GdIII, DyIII, ErIII) [29], and [Ce4(H2O)22(dpdo)5](Mn2HP2W15O56)2]2− (dpdo = 4,4′-bipyridine-
N,N′-dioxide) [30], are the only examples that fall under “3d-POM with 4f linkers” sub class.
The construction of POM-based materials is usually controlled by various factors, such as pH,
reaction time, temperature, concentration, and ionic strength, but most important is the right selection
of building blocks (POM precursor) and the right choice of metals centers to induce optical, electronic,
and magnetic properties. One of the promising strategies for the production of all inorganic frameworks
is to use 3d metal-substituted POMs with lanthanide metal centers, usually this combination has the
potential to form one-, two- and three-dimensionally ordered structures. In this aspect, lanthanide
cations are excellent candidates as linkers due to their high coordination numbers and Lewis acidity
(vide supra). Additionally grafting of lanthanide cations also imparts interesting luminescent and
magnetic properties to these hybrid nanostructures [31,32]. Despite rapid progress being made in the
field of metal-organic frameworks (MOFs), POM-based frameworks have been receiving increasing
attention, especially in the fields of selective adsorption, gas sensor, ion exchange, catalysis, optics,
and magnetism [2,7,8]. Most importantly, all inorganic POM-frameworks promise to associate the
thermal stability and general applicability of classical MOFs. POM-based porous inorganic frameworks
would display higher thermal stability in comparison to classical MOFs because the thermal and
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chemical stability of the MOFs depend on the nature of the organic constituents/linkers, which might
be destroyed during the activation of the porous material through elimination of solvent molecules in
frameworks [33]. These difficulties could be overcome by the introduction of rigid metal clusters anions,
such as POMs and lanthanide cations to the system. Moreover extensive- and additive properties
of such materials can be finely tuned through variation of POM precursors and transition metal
centers, respectively.
Following this idea, we selected the trilacunary Wells–Dawson type POM ligand,
Na12[α-P2W15O56]·24H2O (P2W15) [34], as a building block unit and introduced DyIII ions and MnII
ions cations to build up POM-based heterometallic extended frameworks.
Herein, we report a facile and convenient “one-pot” procedure for the synthesis of a heterometallic
all inorganic system Na10(OH2)42[{Dy(H2O)6}2Mn4P4W30O112(H2O)2]·17H2O (Dy2Mn4-P2W15),
which forms a framework structure, and so we designate as a Polyoxometalate Inorganic Framework,
or POMIF. The title compound was structurally and compositionally characterized in solid
state by single-crystal XRD, powder X-ray diffraction, Fourier-transform infrared spectroscopy,
and thermal and elemental analyses. In solution state, UV–vis absorption spectroscopy and
luminescence spectroscopy were performed. Furthermore, in order to check the bulk purity and
to probe the solution state stability of the Dy2Mn4-P2W15 comparative studies were performed
with the well-known thermodynamically favorable and stable POM [Mn4(H2O)2(α-P2W15O56)2]16−
(Mn4-P2W15), a building block that is part of the [{Dy(H2O)6}2Mn4P4W30O112(H2O)2]10−. In addition,
magnetic properties were studied and compared with that of Na16[Mn4(H2O)2(α-P2W15O56)2]·53H2O.
2. Experimental
The POM ligand, Na12[α-P2W15O56]·24H2O [34], and Na16[Mn4(H2O)2(α-P2W15O56)2]·53H2O [35],
were synthesized according to the literature methods, and were characterized by IR spectroscopy.
All reactions were carried out under aerobic conditions. All of the other reagents were purchased
commercially and were used without further purification.
2.1. Synthesis
Synthesis procedure for Dy2Mn4-P2W15: MnCl2·4H2O (0.12 g, 0.6 mmol) was dissolved in 20 mL
of water. Then Na12[α-P2W15O56]·24H2O (0.88 g, 0.1 mmol) was added to the above solution. Then,
0.30 mL of 1 M Dy(NO3)3·5H2O (0.13 g, 0.3 mmol) was added to this solution in small portions.
The pH value of the mixture was adjusted to 7.6 by adding CH3COONa (0.50 g, 6 mmol) in small
portions under stirring. The resultant turbid orange solution was stirred at room temperature
for 10 min, and then heated for 1 h at 80 ◦C. The resulting solution was filtered and left to
slowly evaporate at room temperature, and orange crystals were obtained after approximately
three weeks. Yield 229.8 mg (49% based on W). IR (2% KBr pellet, ν/cm−1): 1622 (m), 1082 (s),
1038 (w), 922 (s), 872 (w), 765 (w), 702 (w), 595 (w), 515 (m). Elemental analysis (%) calc. for
Na10(OH2)42[{Dy(HO2)6}2Mn4P4W30O112(H2O)2]·17H2O (found): Na 2.34 (2.02), Mn 2.28 (2.56),
W 57.17 (57.20), P 1.26 (1.28), Dy 3.37 (3.65).
2.2. Methods
Elemental analyses were performed at the Institute for Applied Materials, Karlsruhe Institute
of Technology. Fourier transform IR spectra were measured on a Perkin-Elmer Spectrum One
Spectrometer with samples prepared as KBr discs at the Institute of Nanotechnology, Karlsruhe
Institute of Technology. X-ray powder diffraction patterns were measured at room temperature using
a Stoe STADI-P diffractometer with a Cu-Kα radiation at the Institute of Nanotechnology, Karlsruhe
Institute of Technology. UV-vis spectra and fluorescent spectra were recorded on Cary 500 UV-vis-NIR
spectrophotometer and Cary Eclipse fluorescence spectrophotometer, respectively, at the Institute of
Nanotechnology, Karlsruhe Institute of Technology.
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2.2.1. Crystallography
Data were measured at 180(2) K on a Rigaku Oxford Diffraction SuperNova E diffractometer
(Rigaku Europe, Kemsing, UK) with Mo-Kα radiation from a microfocus source, and corrected
semi-empirically for absorption. Structure solution was by dual-space direct-methods (SHELXT) [36],
followed by full-matrix least-squares refinement (SHELX-2016) [37], with anisotropic thermal
parameters for all the ordered non-H atoms. In a few cases, rigid-bond restraints (RIGU) were applied
to the thermal parameters of mutually-bonded sodium cations and aquo oxygen atoms. Some of
the lattice waters and aquo ligands coordinated to sodium cations were disordered; these were was
modelled using pairs of isotropic partial-occupancy (0.60 and 0.40) oxygen atoms, with similarity
restraints (SADI) applied to Na-O bond lengths where necessary. No attempt was made to locate any
water H-atoms. Further details of the X-ray structural analysis are given in Table 1.
Table 1. Crystal Data.
Compound Dy2Mn4-P2W15
Formula Dy2H146Mn4Na10O185P4W30
Formula weight 9521.20
Crystal System Triclinic
Space Group P1
a/Å 13.3544(4)
b/Å 14.7907(4)
c/Å 22.5101(6)
α/◦ 79.938(2)
β/◦ 76.843(2)
γ/◦ 65.236(3)
V/Å3 3915.5(2)
Z 2
T/K 180(2)
Crystal dimensions/mm 0.11 × 0.06 × 0.02
F(000) 4248
Dc/Mg m−3 4.038
µ(Mo-Kα)/mm−1 23.389
Data Measured 49,270
Unique Data 17,079
Rint 0.0427
Data with I ≥ 2σ(I) 14,193
wR2 (all data) 0.2055
S (all data) 1.083
R1 [I ≥ 2σ(I)] 0.0732
Parameters/Restraints 1045/29
Biggest diff.
peak/hole/eÅ−3 +4.53/−1.87
FIZ-CSD number 433863
Further details of the crystal structure investigation may be obtained from FIZ Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (Fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de,
on quoting the deposition number CSD-433863).
2.2.2. Magnetic Measurements
Magnetic susceptibility measurements were collected using a Quantum Design MPMS3 and
MPMS-XL SQUID magnetometer (Quantum Design, San Diego, CA, USA). DC susceptibility
measurements for all of the compounds were performed at temperatures ranging from 2 to 300 K,
using an applied field of 1 kOe. Magnetization versus field data was collected between 2 and 5 K with
applied field between 0 and 7 T. The AC data were collected using an oscillating magnetic field of
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3.5 Oe. All data were corrected for diamagnetic contributions from the eicosane and core diamagnetism,
estimated using Pascal’s constants [38].
3. Results and Discussion
3.1. Synthesis
The heterometallic compound Na10(OH2)42[{Dy(H2O)6}2Mn4P4W30O112(H2O)2]·17H2O
(Dy2Mn4-P2W15) was prepared by reaction of MnII ions and DyIII ions with the trilacunary
Wells-Dawson type [α-P2W15O56]12− POM in aqueous basic media at 80 ◦C. It is important to note
that the isolation of Dy2Mn4-P2W15 was only possible in presence of excess of sodium acetate.
The addition of Na3PO4, NaOH and Na2CO3 in the reaction mixture systems, while keeping the pH
at 7.6, led to the formation of Na16[Mn4(H2O)2(α-P2W15O56)2]·53H2O [35]. In order to avoid one of
the major difficulties, which is the formation of precipitate, due to the reaction of highly oxophilic
lanthanides ions with highly negative and oxygen rich system like POMs, sodium acetate, and DyIII
ions were added slowly in portions. This illustrates the challenges of rationalizing the mechanistic
pathways of heterometallic POM isolation in the form of crystals. To the best of our knowledge,
Dy2Mn4-P2W15 not only represents the first all inorganic heterometallic 3D POMIF compound based
on Wells-Dawson type [α-P2W15O56]12−, but also provides a feasible route to the formation of highly
robust multifunctional extended structures base on POMs.
3.2. Structure
Single-crystal X-ray diffraction revealed that Dy2Mn4-P2W15 crystallizes in the triclinic
system with space group P1, and consists of tetranuclear manganese-substituted sandwich-type
[Mn4(H2O)2(α-P2W15O56)2]16− (Mn4-P2W15), Na and DyIII cations (Figure 1). The crystal structure can
be viewed as a one-dimensional (1D) ladder-like chain, built up of the sandwich anions Mn4-P2W15
and the DyIII ions (Figure 2). Each DyIII center connects two Mn4-P2W15 subunits via two W=O···Dy
bonds and the bond lengths are in the range 2.31–2.42 Å. The DyIII ions are octacoordinate and
possess square antiprism geometry (Figure 1). The coordination environment is completed by six
terminal water molecules and two bridged oxygen atoms from two sandwich-type polyoxoanion.
Furthermore, the DyIII ions can be viewed as µ2-bridges which link two Mn4-P2W15 into a 1D
network structure which are further extended into a three-dimensional open framework by the
sodium cations (Na1, Na4, and Na5), while Na2 and Na3 are just charge-balancing segments on
the surface of the POM. The adjacent ladder-like chains are connected by the sodium cations
to form a two-dimensional framework (Figure 3). Until now, there are only few reports on the
heterometallic extended aggregates systems where 3d metal substituted sandwich-type POMs
are linked by lanthanide cations, for instance [(γ-SiW10O36)2(Cr(OH)(H2O))3(La(H2O)7)2]4− [27],
[{Ce(H2O)7}2Mn4Si2W18O68(H2O)2]6− [28], [{Ln(H2O)n}2{Mn4(B-α-SiW9O34)2(H2O)2}]6− (Ln = La, Nd, Gd,
Dy, Er) [29] and [Ce4(H2O)22(dpdo)5](Mn2HP2W15O56)2]2− (dpdo = 4,4′-bipyridine-N,N′-dioxide) [30].
So far to the best of our knowledge, the only heterometallic 3D POMOF based on
trilacunary Wells-Dawson type POM is [Ce4(H2O)22(dpdo)5](Mn2HP2W15O56)2]2− (dpdo =
4,4′-bipyridine-N,N′-dioxide), which is composed of sandwich type precursor with formula
[Mn4(HP2W15O56)2]14−, two Na ions, two CeIII cations, and three dpdo ligands [30]. Except
[{Ln(H2O)n}2{Mn4(B-α-SiW9O34)2(H2O)2}]6−, in all of the above reported aggregates, transition metal
substituted sandwich-type POMs were used as precursor, while in our case, Mn4-P2W15 can be
formed in situ. The sandwich-type building block, Mn4-P2W15 is constructed by two trivacant Dawson
moieties [α-P2W15O56]12− sandwiching a regular rhomb-like cluster {Mn4O16(H2O)2} through the
W–O–Mn and P–O–Mn bridging modes. All of the W and MnII centers display an octahedral
coordination environment. The bond lengths of W–O are in the range 1.71–2.39 Å, whereas the
bond lengths of Mn–O are between 2.09 Å and 2.29 Å.
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Figure 3. (a) The two-dimensional (2D) network packing arrangement in Dy2Mn4-P2W15; (b) packing 
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3.3. Characterizations
Infrared is spectroscopy is one of the most frequently employed techniques for the characterization
of polyoxometalates, due to its characteristic peaks in the in the region (1200–450 cm−1), which is
called the fingerprint region for the POM backbone [39]. The similarity in the IR spectra of
Na10(OH2)42[{Dy(H2O)6}2Mn4P4W30O112(H2O)2]·17H2O and Na16[Mn4(H2O)2(α-P2W15O56)2]·53H2O
(Figure 4) suggests that the attachment of the DyIII cations on the Mn4-P2W15 surface has not changed
the vibration modes in Dy2Mn4-P2W15, except for some minor shifts that are observed due to the
influence of the dysprosium linkers (Figure 4).
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Figure 4. Fourier transform infra ed (FT-IR) spectroscopy of Dy2Mn4-P2W15, Mn4-P2W15, and P2 15
Since the F I stu ies were not a helpful tool to check the bulk purity of the product in this
case, we decided to carry out the powder X-ray diffraction (PXRD) analysis for the compounds
y2 n4-P2 15, Mn4-P2W15 and P2W15, in order to examine the bulk purity of the title product
(Figure 5). The experimental PXRD pattern of Dy2Mn4-P2W15 corresponds well to the simulated
PXRD pattern, indicating that the bulk phase materials are isomorphous. The very minor differences
in peak intensity and 2 theta values are likely due to the loss of some lattice water molecules, bearing
in mind that the simulated patterns are generated from the single crystal X-ray diffraction data set,
which was collected at 100 K.
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Thermogravimetric analysis of Dy2Mn4-P2W15 was performed between 20 and 900 ◦C under
a nitrogen atmosphere to determine the number of crystal waters (Figure 6). The continuous weight
loss of about 10% between 25 and 330 ◦C can be attributed to the loss of all lattice and coordinated
water molecules present in Dy2Mn4-P2W15.
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Elemental analysis on Mn, Dy, O, W, P, and Na was also carried out by means of inductively
coupled plasma optical emission spectrometry, and the results are presented in Section 2.1.
Solution state UV−vis measurements were performed on Mn4-P2W15, Dy2Mn4-P2W15 and
P2W15 in order to investigate the inc rporation of metal centers in the polytungstate framework and to
check the structural integrity in solution. The UV-Vis bsorption spectra show that the Dy2Mn4-P2W15
is like that of Mn4-P2W15 in solution, which is one of the most stable POMs in solution. However
the absorption spectra of Dy2Mn4-P2W15 and Mn4-P2W15 are significantly different from that of
the P2W15 pre ursor, which gives a clear in ication that the incorporation of metal centers in the
polytungstate framework has an extensive effect on the physicochemical properties of the resulting
clusters. However, information about the possibility that there are coordinated DyIII cations on the
POM surface in solution phase cannot be achieved from these studies. The UV-Vis spectra (Figure 7)
show absorbance bands between 200 and 400 nm, which can be associated with the characteristic
charge-transfer bands of terminal oxygen and bridging oxygen atoms to tungsten centers, respectively
(oxygen-to-metal charge transfer (O→M LMCT).
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When compared to absorption studies, emission spectroscopy is an advantageous tool, particularly
in any heterometallic system, to investigate the origin of the emission bands, since in comparison with
the non-Ln containing materials, the Ln-containing systems often have higher luminescence efficiency,
better photochemical stability, and prolonged fluorescence life times. The lanthanide’s emission is
substantially induced by the photoexcitation of the oxygen-to-metal charge transfer (O→M LMCT)
bands of 4f-POM systems [31,40]. Consequently, in order to gain insight on the solution behavior of
the title compound, the luminescent properties of Dy2Mn4-P2W15 and Mn4-P2W15 were measured
at room temperature under the same excitation of 275 nm. As shown in Figure 8, Dy2Mn4-P2W15
displays an intense characteristic photoluminescence emission band (450–650 nm wide) centered at 545
nm, which can be assigned to the 4F9/2→ 6H13/2 and 4F9/2→ 6H11/2 transitions in DyIII ions, while the
weak emission of DyIII ions at 379 can be attributed to the 4F9/2 → 6H15/2 transition [41]. It should
also be noted that the DyIII emission bands (450–650 nm) overlap with the characteristic broad MnII
emission band (Figure 9) (ca. 500–600 nm) [42], and therefore are not distinguishable. The presence
of the emission band of DyIII ions at 379 nm (only observed in the photoluminescence spectrum
of Dy2Mn4-P2W15) (Figure 8), indicating the existence of [{Dy(OH2)6}2Mn4P4W30O112(H2O)2]10− in
solution. However, whether the extended framework is preserve in solution cannot be determined
from these data. Further, it can also be observed that the emission profile slightly changes and emission
intensity increases drastically in the case of Dy2Mn4-P2W15. Although the solutions were only weakly
luminescent, distinct differences could be observed not only in the emission intensity, but also in the
number of emissions bands.
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4. Magnetic Properties
To further characterize the physical properties of both POM complexes, SQUID measurements
were conducted on polycrystalline materials. Firstly, we studied the static magnetic behavior of the
building block POM unit using neat polycrystalline powders under an applied dc field of 1 kOe in the
temperature range 2 to 300 K (Figure 10a). The room temperature χMT product (where χM is molar
magnetic susceptibility) for the building block is close to the expected value for four isolated MnII
ions for Mn4-P2W15, i.e., 16.8 cm3 K mol−1 (cf. 17.5 cm3 K mol−1 for four MnII, s = 5/2, g = 2.00).
Upon cooling, the χMT product stays constant down to ca. 50 K, after which it smoothly decreases
reaching 3.2 cm3 K mol−1 at 1.8 K, indicating that antiferromagnetic interactions are be operative
within the cluster. Furthermore, we studied the molar magnetization (Mβ) as function of applied
magnetic field at 2 and 5 K in the field range 0–7 T. The Mβ versus applied field, H, for the compound
Mn4-P2W15, indicates a strong antiferromagnetic interaction, as observed in the almost linear behavior
of the magnetization curves. The Mβ(H) data at the maximum field (7 T) and the lowest temperature
(2 K) yield a value of 14.8 µβ (Figure 10b). The isotropic nature of the compound Mn4-P2W15 allows for
us to simultaneously fit the χMT(T) and Mβ(H) using the simple Heisenberg Hamiltonian, taking into
account two exchange interactions, i.e., Hˆ = −2J1Sˆ1 · Sˆ2 − 2J2
(
Sˆ1 · Sˆ3 + Sˆ1 · Sˆ4 + Sˆ2 · Sˆ3 + Sˆ2 · Sˆ4
)
+
gµBH∑4i=1 Sˆi. A single g-value 2.025 for all Mn
II ions and two small interactions of similar magnitude
reproduce the small down turn in χMT(T) and Mβ(H) (solid lines in Figure 10), i.e., J1 =−0.463(1) cm−1
between nearest MnII ions, while J2 = −0.342(1) cm−1 for the MnII at longer distances. These values
are in line with those found in previous work [35].
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After agnetically characterizing the building block PO , we proceed with the study of the
magnetic properties of the PO IF, i.e., Dy2 n4-P2 15. As can be observed in Figure 10a, the χMT(T)
shows a room temperature χMT value of 45.3 cm3 K mol 1 close to the value that is expected for the
building block and two non-interacting dysprosium ions, i.e., 45.8 cm3 K mol−1 for four n(II), s = 5/2,
g = 2.00 and two DyIII, J = 15/2; gJ = 4/3). Likewise, the χMT product starts decreasing below 100 K,
reaching a minimum value of 24.5 cm3 K mol 1. In this case, the drop observed in the χMT product
could arise from a combined effect of the antiferromagnetic exchange operating in the Dy2 n4-P2 15
unit along with the anisotropic magnetic properties of DyIII ions, that is, depopulation of the ligand
field levels. The Mβ(H) for compound Dy2 n4-P2W15 similarly shows very anisotropic behavior and
no saturation of the β(H) (see Figure 11), with a β value of 25.3 µβ at the maximum field (7 T) and
the lowest temperature (2 K). Additionally, we have tested the dynamic behavior of this complex at
2 K in the frequency range 1–1500 Hz without and with applied dc fields (ranging from 0 to 5 kOe),
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and an oscillating magnetic field of 3.5 Oe. No out of phase component in could be observed within
the measurement parameters of our equipment and there is SMM behavior under these conditions.Materials 2018, 11, 155  11 of 13 
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5. Conclusions
In conclusion, an all inorganic heterometallic extended framework incorporating POM units has
been synthesized in aqueous media under “one-pot” conditions. This Polyoxometalate Inorganic
Framework, or OMIF, [{Dy(HO2)6}2Mn4P4W30O112(H2O)2]10− (Dy2Mn4-P2W15), was prepared by
reaction of MnII ions and DyIII ions with the trilacunary Dawson ion [α-P2W15O56]12−. The hydrated
salt of Dy2Mn4-P2W15 was structurally characterized in the solid state by single-crystal X-ray
diffraction, X-ray powder diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
and thermal and elemental analyses and in solution by UV-Visible absorption spectroscopy and
luminescence emission spectroscopy. Furthermore, magnetic properties were also studied and
compared with Na16[Mn4(H2O)2(α-P2W1SO56)2]·53H2O. We are presently attempting to synthesize
analogs c ntaining various combinations of 3d and 4f elements in order to do systematic and
comparative studies of the resultant fr meworks.
Acknowledgments: M.I. thanks the German Science Foundation (DFG-IB 123/1-1). She also thanks the University
of Balochistan, Qu tta, Pakistan for allowing her to pursue h r Ph.D. and postdoctoral work t Jacobs University
and KIT, respectively. M.I. and A.K.P. tha k the Helmholtz STN POF programme. This work was partially carried
out with the support of the Karlsruhe Nano Micro Facility (KNMF, www.knmf.kit.edu), a Helmholtz research
infrastructure at Karlsruhe Institute of Technology (KIT, www.kit.edu).We also thank Sven Stahl for performing
TGA measurements.
Author Contributions: All the authors contributed to this work. A.K.P. and M.I. conceived and designed the
experiments. M.I. synthesized and characterized the compound and wrote the paper draft. E.M.-P. performed the
magnetic studies. T.B. performed the elem tal a alysis. C.E.A. solved the structure. All authors contributed to
producing the final manuscript, which has been checked and approved by all of them.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Pope, M.T. Heteropoly and Isopoly Oxometalates; Springer: Berlin, Germany, 1983.
2. Long, D.L.; Tsunashim , R.; Cronin, L. Polyoxometalates: Building blocks for functional nanoscale systems.
Angew. Chem. Int. Ed. 2010, 49, 1736–1758. [CrossRef] [PubMed]
3. Lv, H.; Geletii, Y.V.; Zhao, C.; Vickers, J.W.; Z u, G.; Luo, Z.; S ng, J.; Lian, T.; Musaev, D.G.; Hill, C.L.
Polyoxometalate water oxidation catalysts and the production of green fuel. Chem. Soc. Rev. 2012, 41,
7572–7589. [CrossRef] [PubMed]
Materials 2018, 11, 155 12 of 13
4. Bassil, B.S.; Kortz, U. Recent advances in lanthanide-containing polyoxotungstates. Z. Anorg. Allg. Chem.
2010, 636, 2222–2231. [CrossRef]
5. Liu, X.; Wang, F. Transition metal complexes that catalyze oxygen formation from water: 1979–2010.
Coord. Chem. Rev. 2012, 256, 1115–1136. [CrossRef]
6. Ruttinger, W.; Dismukes, G.C. Synthetic water-oxidation catalysts for artificial photosynthetic water oxidation.
Chem. Rev. 1997, 97, 1–24. [CrossRef] [PubMed]
7. Zhao, J.; Li, Y.; Chen, L.; Yang, G. Research progress on polyoxometalate-based transition-metal–rare-earth
heterometallic derived materials: Synthetic strategies, structural overview and functional applications.
Chem. Commun. 2016, 52, 4418–4445. [CrossRef] [PubMed]
8. Liu, J.; Han, Q.; Chen, L.; Zhao, J. A brief review of the crucial progress on heterometallic polyoxotungstates
in the past decade. CrystEngComm 2016, 18, 842–862. [CrossRef]
9. Ibrahim, M.; Dickman, M.H.; Suchopar, A.; Kortz, U. Large cation- Anion materials based on trinuclear
ruthenium(III) salts of Keggin and Wells-Dawson anions having water-filled channels. Inorg. Chem. 2009, 48,
1649–1654. [CrossRef] [PubMed]
10. Oms, O.; Dolbecq, A.; Mialane, P. Diversity in structures and properties of 3d-incorporating polyoxotungstates.
Chem. Soc. Rev. 2012, 41, 7497–7536. [CrossRef] [PubMed]
11. Ibrahim, M.; Lan, Y.; Bassil, B.S.; Xiang, Y.; Suchopar, A.; Powell, A.K.; Kortz, U. Hexadecacobalt(II)-
containing polyoxometalate-based single-molecule magnet. Angew. Chem. Int. Ed. 2011, 50, 4708–4711.
[CrossRef] [PubMed]
12. Ibrahim, M.; Haider, A.; Xiang, Y.; Bassil, B.S.; Carey, A.M.; Rullik, L.; Jameson, G.B.; Doungmene, F.;
Mbomekallé, I.M.; De Oliveira, P.; et al. Tetradecanuclear iron(III)-oxo nanoclusters stabilized by trilacunary
heteropolyanions. Inorg. Chem. 2015, 54, 6136–6146. [CrossRef] [PubMed]
13. Haider, A.; Ibrahim, M.; Bassil, B.S.; Carey, A.M.; Viet, A.N.; Xing, X.; Ayass, W.W.; Miñambres, J.F.; Liu, R.;
Zhang, G.; et al. Mixed-valent Mn16-containing heteropolyanions: Tuning of oxidation state and associated
physicochemical properties. Inorg. Chem. 2016, 55, 2755–2764. [CrossRef] [PubMed]
14. Bassil, B.S.; Ibrahim, M.; Al-Oweini, R.; Asano, M.; Wang, Z.; Van Tol, J.; Dalal, N.S.; Choi, K.Y.; Ngo Biboum, R.;
Keita, B.; et al. A planar {Mn19(OH)12}26+ unit incorporated in a 60-tungsto-6-silicate polyanion. Angew. Chem.
Int. Ed. 2011, 50, 5961–5964. [CrossRef] [PubMed]
15. Hussain, F.; Conrad, F.; Patzke, G.R. A gadolinium-bridged polytungstoarsenate(III) nanocluster:
[Gd8As12W124O432(H2O)22]60−. Angew. Chem. Int. Ed. 2009, 48, 9088–9091. [CrossRef] [PubMed]
16. Reinoso, S. Heterometallic 3d-4f polyoxometalates: Still an incipient field. Dalton Trans. 2011, 40, 6610–6615.
[CrossRef] [PubMed]
17. Ibrahim, M.; Mereacre, V.; Leblanc, N.; Wernsdorfer, W.; Anson, C.E.; Powell, A.K. Self-assembly of a giant
tetrahedral 3 d-4 f single-molecule magnet within a polyoxometalate system. Angew. Chem. Int. Ed. 2015, 54,
15574–15578. [CrossRef] [PubMed]
18. Fang, X.; Kögerler, P.; Furukawa, Y.; Speldrich, M.; Luban, M. Molecular growth of a core-shell
polyoxometalate. Angew. Chem. Int. Ed. 2011, 50, 5212–5216. [CrossRef] [PubMed]
19. Wassermann, K.; Dickman, M.H.; Pope, M.T. Self-assembly of supramolecular polyoxometalates: The compact,
water-soluble heteropolytungstate anion[As12IIICe16III(H2O)36W148O524]76−. Angew. Chem. Int. Ed. Engl.
1997, 36, 1445–1448. [CrossRef]
20. Bassil, B.S.; Dickman, M.H.; Römer, I.; Von Der Kammer, B.; Kortz, U. The tungstogermanate [Ce20Ge10W100O376
(OH)4(H2O)30]56−: A polyoxometalate containing 20 cerium(III) atoms. Angew. Chem. Int. Ed. 2007, 46,
6192–6195. [CrossRef] [PubMed]
21. Hussain, F.; Gable, R.W.; Speldrich, M.; Kögerler, P.; Boskovic, C. Polyoxotungstate-encapsulated Gd6 and
Yb10 complexes. Chem. Commun. 2009, 328–330. [CrossRef] [PubMed]
22. Artetxe, B.; Reinoso, S.; San Felices, L.; Gutiérrez-Zorrilla, J.M.; García, J.A.; Haso, F.; Liu, T.; Vicent, C.
Crown-shaped tungstogermanates as solvent-controlled dual systems in the formation of vesicle-like
assemblies. Chem. A Eur. J. 2015, 21, 7736–7745. [CrossRef] [PubMed]
23. Sessoli, R.; Powell, A.K. Strategies towards single molecule magnets based on lanthanide ions. Coord. Chem. Rev.
2009, 253, 2328–2341. [CrossRef]
24. Niu, J.; Zhang, S.; Chen, H.; Zhao, J.; Ma, P.; Wang, J. 1-D, 2-D, and 3-D organic-inorganic hybrids
assembled from keggin-type polyoxometalates and 3d-4f heterometals. Cryst. Growth Des. 2011, 11, 3769–3777.
[CrossRef]
Materials 2018, 11, 155 13 of 13
25. Zhao, J.; Shi, D.; Chen, L.; Ma, P.; Wang, J.; Zhang, J.; Niu, J. Tetrahedral polyoxometalate nanoclusters
with tetrameric rare-earth cores and germanotungstate vertexes. Cryst. Growth Des. 2013, 13, 4368–4377.
[CrossRef]
26. Zhao, J.-W.; Li, Y.-Z.; Ji, F.; Yuan, J.; Chen, L.-J.; Yang, G.-Y. Syntheses, structures and electrochemical
properties of a class of 1-D double chain polyoxotungstate hybrids [H2dap][Cu(dap)2]0.5[Cu(dap)2(H2O)]
[Ln(H2O)3(α-GeW11O39)]·3H2O. Dalton Trans. 2014, 43, 5694–5706. [CrossRef] [PubMed]
27. Compain, J.D.; Mialane, P.; Dolbecq, A.; Mbomekallé, I.M.; Marrot, J.; Sécheresse, F.; Duboc, C.; Rivière, E.
Structural, magnetic, EPR, and electrochemical characterizations of a spin-frustrated trinuclear CrIII
polyoxometalate and study of its reactivity with lanthanum cations. Inorg. Chem. 2010, 49, 2851–2858.
[CrossRef] [PubMed]
28. Chen, W.; Li, Y.; Wang, Y.; Wang, E. An inorganic aggregate based on a sandwich-type polyoxometalate
with lanthanide and potassium cations: From 1D chiral ladder-like chains to a 3D open framework. Eur. J.
Inorg. Chem. 2007, 2216–2220. [CrossRef]
29. Fan, L.Y.; Lin, Z.G.; Cao, J.; Hu, C.W. Probing the Self-Assembly Mechanism of Lanthanide-Containing
Sandwich-Type Silicotungstates [{Ln(H2O)n}2{Mn4(B-α-SiW9O34)2(H2O)2}]6− Using Time-Resolved Mass
Spectrometry and X-ray Crystallography. Inorg. Chem. 2016, 55, 2900–2908. [CrossRef] [PubMed]
30. Yu, T.; Ma, H.; Zhang, C.; Pang, H.; Li, S.; Liu, H. A 3d–4f heterometallic 3D POMOF based on lacunary
Dawson polyoxometalates. Dalton Trans. 2013, 42, 16328–16333. [CrossRef] [PubMed]
31. Ritchie, C.; Moore, E.G.; Speldrich, M.; Kögerler, P.; Boskovic, C. Terbium polyoxometalate organic complexes:
Correlation of structure with luminescence properties. Angew. Chem. Int. Ed. 2010, 49, 7702–7705. [CrossRef]
[PubMed]
32. Vonci, M.; Boskovic, C. Polyoxometalate-supported lanthanoid single-molecule magnets. Aust. J. Chem. 2014,
67, 1542–1552. [CrossRef]
33. Bosch, M.; Zhang, M.; Zhou, H.-C. Increasing the stability of metal-organic frameworks. Adv. Chem. 2014,
2014, 1–8. [CrossRef]
34. Finke, R.G.; Droege, M.W.; Domaille, P.J. Rational syntheses, characterization, two-dimensional tungsten-183
NMR, and properties of tungstometallophosphates P2W18M4(H2O)2O6810− and P4W30M4(H2O)2O11216−
(M = cobalt, copper, zinc). Inorg. Chem. 1987, 26, 3886–3896. [CrossRef]
35. Gómez-García, C.J.; Borrás-Almenar, J.J.; Coronado, E.; Ouahab, L. Single-crystal X-Ray structure and
magnetic properties of the polyoxotungstate complexes Na16[M4(H2O)2(P2W15O56)2]·nH2O (M = MnII,
n = 53; M = NiII, n = 52): An antiferromagnetic MnII tetramer and a ferromagnetic NiII tetramer. Inorg. Chem.
1994, 33, 4016–4022. [CrossRef]
36. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr.
2015, A71, 3–8. [CrossRef] [PubMed]
37. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. 2015, C71, 3–8.
38. Bain, G.A.; Berry, J.F. Diamagnetic corrections and Pascal’s Constants. J. Chem. Educ. 2008, 85, 532–536.
[CrossRef]
39. Rocchiccioli-Deltcheff, C.; Fournier, M.; Franck, R.; Thouvenot, R. Vibrational investigations of polyoxometalates.
2. Evidence for anion-anion interactions in molybdenum(VI) and tungsten(VI) compounds related to the
Keggin structure. Inorg. Chem. 1983, 22, 207–216. [CrossRef]
40. Yamase, T.; Kobayashi, T.; Sugeta, M.; Naruke, H. Europium(III) luminescence and intramolecular energy
transfer studies of polyoxometalloeuropates. J. Phys. Chem. A 1997, 101, 5046–5053. [CrossRef]
41. Sun, H.; Liu, M.Q.; Zhang, B.J. Two dysprosium complexes based on 8-hydroxyquinoline Schiff base:
Structures, luminescence properties and single-molecule magnets behaviors. Inorg. Chim. Acta 2016, 453,
681–686. [CrossRef]
42. Xu, L.J.; Sun, C.Z.; Xiao, H.; Wu, Y.; Chen, Z.N. Green-light-emitting diodes based on tetrabromide
manganese(II) complex through solution process. Adv. Mater. 2017, 29, 2–6. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
